Abstract-Most of contemporary analysis of satellite data is based on the classical Chandrasekhar's formula for the mean radiance, which is valid only when the surface is infinite and uniform. Over an inhomogeneous surface, the measured radiance will also contain two variational terms describing the direct and diffuse atmospheric transmission of the solar radiation reflected from spatial variations of surface reflectance. 
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I. INTRODUCTION

I
T IS NOT an exaggeration to say that remote sensing of surface reflectance from space is primarily based on the one-dimensional (1-D) theory of radiative transfer [1] , where surface is assumed to be homogeneous and infinite. This model is only an approximation of the real situation, because even over the ocean, the reflectance in coastal regions may vary by an order of magnitude [2] .
The nonhomogeneity of surface gives rise to the horizontal fluxes of radiation in the atmosphere, directed from the brighter surface areas to the darker areas (adjacency effect). In satellite images, these three-dimensional (3-D) radiation effects appear as blurrings of the fine spatial structure of the surface and reductions of the image contrasts. To compensate for these distortions, one must know the atmospheric point-spread function (PSF) or its Fourier transform (FT) optical transfer function (OTF). These atmospheric functionals and related 3-D effects have become an arena of active research since the launch of high resolution imagers onboard of the Landsat and SPOT satellites in the second half of the 1970s. Early on, Monte Carlo techniques [3] , [4] and single scattering [6] or two-stream approximations [7] , [8] were the main computational methods in these studies, which were typically limited to the nadir viewing direction. In the other view angles, the atmosphere induces not only amplitude but also phase distortions of surface reflected radiance, which immensely increases the complexity of the transfer problem. The properties of the off-nadir solution studied with the FT Gauss-Seidel algorithm were first addressed in [5] . Now, after nearly two decades, we witness a new surge of interest in the accurate knowledge of OTF, mainly in the problem of atmospheric correction (AC) of high and medium resolution satellite images of the Earth surface. AC algorithms suggested for different instruments of the EOS-Terra mission use different approaches to compensate for the adjacency effect. For example, a physically-based model of adjacency effect is used in the operational MODIS algorithm [9] . On the other hand, the MISR operational algorithm [10] does not include 3-D effects at a composite resolution of 1.1 km. This conclusion was reached via a numerical analysis, which showed that the errors resulting from the use of 1-D radiative transfer regime were comparable to errors incurred with the aerosol retrieval [11] . There is no unified approach to atmospheric correction even for high resolution data. For example, a single scattering solution for a checkerboard model of surface will be used for correction of ASTER data [12] , [13] . On the other hand, the fast AC approach developed for 30 m ETM data [14] relies entirely on 1-D theory.
This brief review shows that the role of 3-D effects and the validity of 1-D theory in interpreting real 3-D data needs further study, which would systematically encompass the wide variety of surface spatial scales and pixel sizes at different atmospheric conditions. The main purpose of this paper is to present results of such a research for a 1-D model of surface with Lambertian reflection. This is essentially a model of striped surface with albedo varying arbitrarily in the -direction and constant along the -axis. Our study is based on our rigorous solution for the 1-D OTF of a vertically inhomogeneous atmosphere with the spherical harmonics method (MSH) combined with the smoothing procedure of integration of the source function. This combination allowed us to develop a fast stable algorithm for calculations of OTF in arbitrary directions [15] .
In this paper, we first describe a theoretical treatment of the 3-D radiative transfer problem developed in works of Malkevich [16] and Sushkevich et al. [17] . It allows us to obtain a boundary-value problem for OTF and develop a very powerful and flexible numerical method for the direct and inverse calculations over an arbitrarily nonuniform surface. Next, we give examples of OTF and PSF in different view angles calculated for realistic atmospheres. The final section of this paper describes our numerical analysis of errors of 1-D theory in albedo retrieval for a variety of surface spatial scales and pixel sizes at different atmospheric conditions.
II. THEORETICAL APPROACH
Let us consider a horizontally homogeneous atmosphere bounded by a Lambertian nonuniform surface with albedo . Given the atmospheric scattering and extinction coefficients and scattering function , the radiance at the altitude in the direction can be found as a solution to the following 3-D boundary-value problem:
The -axis is pointed downward, so cosine of zenith view angle is 0 for downward directions and 0 otherwise. By separating the mean and variation in surface albedo and radiance (2) one can divide general problem (1) into two sub-problems. One of them is a classical 1-D problem for the mean radiance with a uniform boundary condition corresponding to the mean albedo. The other one is the problem for the radiance variation
This problem is nonlinear in surface albedo variation due to multiple reflections of photons between the atmosphere and surface albedo variations. These interactions are described by the last term of the lower boundary condition (3c). The nonlinear contribution is small and bounded from above [17] as where is maximal albedo value in image. In clear-sky conditions, does not exceed several percents of the variation of radiance and is even smaller with respect to the total signal. This fact allows us to neglect this term in (3c) and linearize problem (3) . Finally, applying the FT , , and introducing an optical transfer function via a linear model (4) one arrives at the problem for atmospheric OTF (5a)
Equations (5a)-(5b) represent a set of parametric problems to be solved at different values of vector-parameter . Thus introduced, OTF does not depend on surface properties. As such, it is very convenient for studies of the influence of different atmospheric parameters, as well as for 3-D radiative transfer calculations. Function , introduced in formula (4), is linearly related to the solution of problem (5) , and it depends on the mean surface albedo as (6) In (6), is the spherical albedo of atmosphere at spatial frequency , defined by analogy with the corresponding value of 1-D theory. Below, we consider the case of the 1-D surface where , 0. In the upward directions, OTF is expressed as a sum of the direct and diffuse transmittance (7) where is a geometrical shift in the coordinate for slant observations. Note that the diffuse component is a complex function characterized by its amplitude and phase . Based on definitions (2), (4), (6), and (7), the radiance at the top of atmosphere is represented as a sum of three terms: mean radiance, corresponding to the mean albedo, and direct and diffuse components of radiance variation (8) (9) In (9), is surface irradiance created by the direct sunlight and path radiance . Described formalism is accurate to within the nonlinear term, which was neglected in the lower boundary condition (3c). However, within the described approach, the nonlinear radiance can be calculated using linear OTF . The consideration of successive orders of reflection from surface albedo variation in problem (3) leads to the following expression [17] : (10) where index represents different orders of reflection from albedo variation, and is the optical transfer function of the th order. In the case of Lambertian surface, function is related to the linear OTF as follows [17] :
where In addition to (8) , let us give another form of expression for radiance via point-spread function, which is widely used in the theory of linear systems. Defining the diffuse PSF as an inverse FT of the diffuse OTF PSF (11) we can write PSF (12) 
III. PROPERTIES OF OTF AND PSF
The analytical approach described in the previous section allows us to precalculate functions and for specified atmospheric conditions, and then use them in radiance calculations for arbitrary realizations of surface albedo. At present, we have obtained a solution of problem (5) at 0 (1-D OTF) using an effective singular value decomposition (SVD)-modification of the spherical harmonics method [18] , [19] with the smoothing procedure of the source function integration [15] . Our algorithm obtains a full multiple scattering solution in stratified atmosphere of arbitrary optical thickness and aerosol scattering functions. Fig. 1 gives several examples of the amplitude and phase of 1-D OTF. Calculations were performed for optically "thin" ( 0.2) and "thick" ( 0.8) uniform aerosol layers with singlescattering albedo 0.95 and phase function of Elterman [20] at wavelength 0.75 m. We varied the height of layer ( 1, 2, 5 km) and zenith view angle. Based on these curves, one can make several observations that support the results of previous studies [7] , [21] .
1) The height of the scattering layer does not affect the 1-D solution ( 0), but it becomes an increasingly important parameter at higher spatial frequencies. 2) Contrary to the direct transmission, the total "weight" of the diffuse component increases with zenith view angle, thus enhancing adjacency effect.
3) The range of essentially nonzero OTF-values narrows down with the increase of both zenith view angle and height of the atmosphere, which via the similarity theorem reflects the broadening of PSF. On the other hand, the amplitude of OTF becomes negligibly small for some , meaning that the surface objects smaller than a certain size will be seen only in the signal directly transmitted through the atmosphere, not in the variation of the diffuse radiance. In other words, the number of diffuse photons originating from relatively small surface objects is negligibly small compared to the total number of diffuse photons originating from surface albedo variations. For reference, let us mention that the value 10 cycles/km approximately corresponds to 300 m. 4) Finally, it is worth mentioning that the cut-off frequency decreases with zenith view angle and with the height of atmospheric layer. This means that the diffuse radiance variation becomes less and less sensitive to the smallscale surface objects as or increase. The phase of OTF does not have direct physical interpretation. Mathematically, nonzero values of phase for off-nadir angles indicate that PSF becomes asymmetrical in azimuth. Analysis of problem (5) allows one to establish the following symmetrical properties of the amplitude and phase [17] In Fig. 1 , negative values of phase correspond to azimuth 180 . Fig. 2 presents spherical albedo of atmosphere calculated for the same conditions. The descending character of curves shows that the atmospheric backscattering at higher frequencies effectively decreases. This in turn leads to a fast drop of the relative contribution of the nonlinear component of radiance variation (10) with increasing spatial frequency.
Atmospheric PSF is more appealing to the physical sense than the optical transfer function. Fig. 3 shows the line-spread functions LSF PSF calculated for the described 1-D OTF at 0.2. Our calculations confirm that the normalized shape of functions at small zenith angles is not particularly sensitive to the optical thickness and that the major factor here is the height of aerosol layer [8] . Another important factor is asymmetry of the scattering function [21] . This effect, which we do not illustrate here, can be described as follows. For more asymmetric phase function, PSF has a sharper peak around 0 and a longer tail of distribution at large distances . This behavior expresses the fact of predominantly forward scattering, which increases visibility of the closest pixels at small scattering angles and also allows photons to come from further distances.
Our results for the line-spread function are not directly comparable to its 2-D analog (point-spread function). However, it follows from simple geometrical considerations that PSF, as a function of distance , will have approximately the same asymptotic behavior as the line-spread function and a considerably broader distribution (larger values) at small distances .
The azimuthal dependence is implicit in OTF, but it appears explicitly in line-spread functions. The plots in Fig. 3 show a strong azimuthal dependence which increases with zenith view angle. To understand the physical meaning of this result, let us consider a classical example of a "two-halves" surface, representing, for example, an ocean-land transition. This case has been extensively studied and described in the literature for nadir view angle, so we will only demonstrate the implications for off-nadir viewing when the solution becomes essentially dependent on azimuth. Fig. 4(a) shows a distribution of surface-reflected radiance at the top of the atmosphere for a view angle of 53.1 . The azimuths of 0 and 180 correspond to observations made over the "ocean" and over the "land," respectively. One can see that the signal over the "ocean" near the border is less affected by the photons from the bright land, and it takes longer to reach saturation to the 1-D value over the "land" in the case when measurements are taken over the "ocean" ( 0 ). The opposite behavior is observed when measurements are made over the "land" ( 180 ). This result appeals to the common physical sense. However, an attempt to study this effect qualitatively in a single-scattering approximation may lead to a confusing result. For example, let us consider the effect of bright pixel on radiance over dark pixel [ Fig. 4(b) ]. One can see that the optical path of photons is considerably larger at 0 than at 180 . On the other hand, photons are scattered differently in these two cases: at small angles at 0 and at large angles at 180 . In single-scattering calculations with realistic asymmetric phase functions, this difference in the angle of scattering (and therefore in the phase function) may completely compensate for the difference in the optical path. This example shows the subtlety of the problem and emphasizes the importance of multiple scattering and rigorous numerical methods in 3-D calculations.
IV. ATMOSPHERIC CORRECTION IN 1-D APPROXIMATION
The application of a 1-D radiative transfer regime for the atmospheric correction of 3-D scenes is equivalent to the assumption of independent pixels. This assumption correctly accounts for the directly transmitted radiance. However, this approach neglects the finite size of pixels, equalizing the diffuse radiance from a given pixel area and the total diffuse signal from the surface. The total surface-related diffuse radiance, as we showed above, is proportional to the mean albedo. Therefore, the error of 1-D methods will be proportional to the difference between the mean and instantaneous pixel albedo. This conclusion is correct for the patchy surface exhibiting only small-scale variations. In this case, the expression for radiance (8) contains only the first two terms, and the 1-D regime can be used in this modified form [22] . In general, the integral term of (8) also contributes to albedo error via a diffuse component from the medium to large-scale albedo variations.
If the first two terms of (8) are trivial in the case of Lambert surface, then the last integral term, being of vital importance to 3-D calculations, deserves a separate illustration. Fig. 5 gives an example of this term for a subinterval of a random albedo realization. It shows the main features of the diffuse radiance variation ( ), which were discussed earlier. For example, is a smooth function, which responds to the medium-to-large scale albedo variations and is not sensitive to the small-scale surface details even at high albedo contrast (see feature at 24.8 km). These calculations were performed for a stratified 3-layer atmosphere bounded at 0, 2, 10, 30 km. The aerosol distribution between layers was 0.2, 0.04, 0.01. The asymmetry of aerosol scattering ( 1.77) and single scattering- integral optical thickness 0.2207 at wavelength 0.45 m. The described atmospheric model will further be referred to as a "clear" model in the visible region . Below, we also use a "hazy" model which has a tripled aerosol content ( 0.6, 0.12, 0.03).
In order to better understand the results of the following error analysis of atmospheric correction in 1-D approximation, let us first recapitulate our modeling approach. Surface albedo was simulated with two random generators: the first one gave the value of surface albedo in the range 0.02-0.22 in the visible and 0.02-0.42 in the near-IR spectral interval. The second generator controlled the size of uniform area (width of stripe in our case). We have modeled two spatial scales of albedo variation: the first case involved small-to-medium scales with the size varying randomly from 25 m to 250 m. In the second case, the range of variation was extended up to large scales, from 25 m to 2 km.
The atmosphere was modeled differently in the visible and near-IR parts of spectrum. In the visible ( 0.45 m), we used clear and hazy atmospheric models and , described above. In the near-IR range, the atmosphere was represented by a uniform aerosol layer of different height ( 1, 2, 5 km) with 0.95 and scattering function of Elterman for clear ( 0.2) and hazy ( 0.8) conditions. For the selected surface-atmosphere models, we calculated radiance at the top of atmosphere with the resolution 25 m for the solar zenith angle of 45 and two view zenith angles of 0 and 53.1 . These data then were "sampled" at different resolutions, including 25 m, 100 m, 250 m, 500 m, 1 km, and 2.5 km pixel size. Obtained radiances were then processed in the 1-D approximation (9) to retrieve surface albedo assuming that the atmospheric properties are known exactly. The retrieved albedo was compared to the exact albedo obtained by averaging the original albedo realization with the same pixel sizes. This approach allows us to estimate the accuracy of the 1-D theory at a variety of scales of surface properties and pixel sizes. An intermediate scale of aerosol height, affecting magnitude of adjacency effect, was considered for near-IR simulations.
A graphical demonstration of these retrievals in the visible spectrum for atmospheric model is shown in Fig. 6 . The first column of plots correspond to small-to-medium scales of surface albedo variation, and the second one is for small-to-large scales. The plots 1 and 3 in each column show an original albedo realization and the results of averaging with different pixel sizes. The plots 2 and 4 give the corresponding errors of albedo retrieval. Positive errors are observed for pixels that are darker than average, and negative errors correspond to pixels brighter than the average. For small pixels, the error decreases with increasing size of the homogeneous area, while for large pixels the error increases with size. The latter is caused by the following. At coarse resolution (1 and 2.5 km pixels), small-to-medium scale albedo variations are essentially smoothed out by averaging, and the total albedo contrast is small. However, when the scale of albedo variations increases and becomes comparable to the pixel size, the albedo contrast increases substantially, resulting in an increase of adjacency effect and of retrieval error at coarse resolution. The maximal absolute error is approximately the same for bright and dark pixels since the albedo was generated symmetrically with respect to an average value. Fig. 6 gives the overall qualitative picture of errors of atmospheric correction in 1-D approximation. In order to characterize these errors in detail, we obtained additional statistical estimates for the mean modulus of error and variance over a long (over 200 km) swath. These data are summarized in Table I for nadir ( 1) as well as for zenith view angle 53.1 ( 0.6), which is close to the edge of the MODIS scan. For off-nadir pixels, the magnitude of adjacency effect and, accordingly, retrieval errors, increase with angle . The data of Table I are easily interpreted for a specific instrument and viewing geometry. However, one should keep in mind that the range of errors covers only about 67% of cases, while for 99% of all pixels, the error range will increase up to values 2 (the error distribution is asymmetric because positive and negative errors are treated separately). Thus, in the near-IR at relatively clear conditions ( 0.2), the error may be as high as 0.011 at nadir and 0.023 at 53.1 for 1 km pixel size and small-to-large scales of surface albedo variation. This consideration shows that the adjacency effect can be an important source of errors not only in atmospheric correction, but also in aerosol retrieval over land and coastal regions by increasing the reflectance of darks target in the visible range [23] .
The figures for the near-IR region given in Table I were obtained for a 2-km aerosol layer. We found that errors are largely independent of the height of layer at 25 m pixel resolution. However, they correlate with the height for larger pixels. For example, at 5 km, the errors were a factor of 1.2 to 1.4 larger at MODIS resolution (from 250 m to 1 km), increasing with pixel size. At 1 km, the errors were a factor of 1.1 to 1.2 smaller compared to the table values.
Our error analysis was performed for two fixed values of maximal albedo contrast. One can use these results to obtain more specific error estimates based on the fact that the error is approximately a linear function of the contrast.
We hesitate to specify how these errors will translate into the case of 2-D surface. However, in one particular case, the answer can be given immediately. The error will increase for a small body surrounded by a large uniform contrasting area (contrary to the stripe of the same width in the same conditions), for example, a lake in the forest in the near-IR spectral region.
V. CONCLUSIONS
A study of adjacency effect requires solution of the 3-D radiative transfer equation with nonhomogeneous lower boundary condition. This problem is very complex and so far, was well studied only for several specific cases, such as a two-halves surface, in the geometry of nadir observations. An overwhelming majority of research in this area has been done either with approximate methods or using Monte Carlo simulations, which are mostly scene-dependent. In this paper, we described a rigorous semi-analytical technique [17] for 3-D calculations over an arbitrarily inhomogeneous Lambertian surface. It requires knowledge of the 2-D atmospheric optical transfer function, which is a solution of the boundary-value problem (5). We have obtained a rigorous solution of problem (5) with the spherical harmonics method in 1-D case, which allowed us to simulate radiance fields over one-dimensional striped surfaces. This tool was used here to review the properties of atmospheric OTF and PSF, especially for the off-nadir view angles.
The primary goal of this paper was to study the accuracy of the atmospheric correction in the 1-D regime of radiative transfer at a variety of surface spatial scales and pixel sizes in different atmospheric conditions. The results of this study, summarized in Table I , show that the adjacency effect brings in a significant albedo error in a wide range of pixel resolutions, from tens of meters to 1 km. At high spatial resolution (25 m), the errors incurred may be as high as 0.04-0.06 in the near-IR and 0.01-0.04 in the visible range of spectrum. At medium resolution of 1 km, these errors are smaller (0.005-0.02) and are comparable to other sources of errors, such as uncertainties in knowledge of aerosol scattering properties. However, most of the other errors have a random nature, while 3-D effects are systematic. They always increase an apparent reflectance of the dark targets and decrease the signal from the bright targets. As such, 3-D effects become important even at medium resolution, particularly for the remote sensing applications designed for either bright or dark targets. Aerosol retrieval over land is a specific example of the affected algorithms. 3-D effects cause a systematic overestimation of the retrieved aerosol optical thickness. Use of these values of optical thickness in the algorithm of atmospheric correction leads to the systematic underestimation of surface albedo. The complex analysis of the errors of atmospheric correction, which includes modeling of the total processing chain starting from aerosol retrieval, will be presented elsewhere [23] .
The results of this paper suggest that an accurate compensation of adjacency effect is required in the atmospheric correction algorithms at least at up to the kilometer-scale resolutions. For the high-resolution nadir enhanced thematic Mapper plus-type data, (8) suggests a very effective AC scheme. The main computational load in this algorithm involves the direct and inverse FFT calculations. The band-limited nature of functions and described in Section III allows us to enormously reduce the number of FFT operations and build a highly optimized algorithm with operational capabilities. This algorithm will be described in the papers to follow.
